Abstract: Transcatheter arterial embolization (TAE) is widely used as an effective palliative treatment for hepatocellular carcinoma (HCC), and can prolong survival time. However, the high incidence of tumor recurrence and metastasis after TAE is still a major problem. Recent studies demonstrated that circulating tumor cells (CTCs) contribute to tumor metastasis. In this study, we tried to clarify whether the residual HCC after TAE can increase metastasis by increasing the number of CTCs. An orthotopic liver tumor model in the Buffalo rat was established using green fluorescent protein (GFP)-transfected HCC cell line, McA-RH7777. Two weeks after orthotopic liver tumor implantation, the rats underwent TAE treatment from the gastroduodenal artery. Iodized oil or saline was injected intra-arterially. Blood samples were taken on day 0, 1, 3, 7, 14, and 21 for detection of CTCs after TAE treatment. We analyzed the number of CTCs and assessed the metastatic potential of surviving tumor cells in rats between TAE and control groups. Our results demonstrated that the metastatic colonies in the lung were significantly increased by TAE treatment. The number of CTCs was also significantly increased by TAE treatment from day 7 to day 21. The expression of hypoxia-inducible factor (HIF)-1α and epithelial-mesenchymal transition (EMT) marker proteins (N-cadherin and vimentin) was upregulated, but E-cadherin was downregulated after TAE treatment. In conclusion, the metastatic potential of residual HCC can be induced by TAE treatment in a rat liver tumor model, which involves the acquisition of EMT features and an increased number of CTCs.
Introduction
Hepatocellular carcinoma (HCC) is one of the most prevalent malignancies worldwide, especially in the People's Republic of China, where the chronic viral infection of hepatitis B virus (HBV) is hyperendemic and its incidence has continued to escalate in recent years. 1 The first-line treatment for HCC patients is surgical procedures, such as liver resection or transplantation. Unfortunately, patients with HCC are usually diagnosed at the late stage so only a few patients can be effectively treated with curative surgery. Transcatheter arterial embolization (TAE) or transcatheter arterial chemoembolization has been widely performed as a palliative treatment for nonsurgical HCC, which can prolong the survival of HCC patients. [2] [3] [4] However, the high incidence of tumor recurrence and metastasis after TAE is still a major problem. 5, 6 A higher rate of pulmonary metastasis following TAE treatment has been reported in HCC patients. 5 Therefore, novel therapies are urgently needed to decrease tumor recurrence and metastasis after TAE therapy. 
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Fang et al Biological deterioration after TAE has been reported recently. Hypoxia is an inevitable consequence after TAE. 6 Therefore, some studies demonstrated that the expression of hypoxia-inducible factor (HIF)-1α is elevated in tumor tissues after TAE and thus increases the metastatic potential of surviving tumor cells. [7] [8] [9] [10] Recently, accumulating evidence indicated that circulating tumor cells (CTCs) may deposit in multiple distant organs and increase metastasis and intrahepatic recurrence. [11] [12] [13] [14] [15] [16] Several researchers demonstrated that the number of CTCs is higher in patients with advanced HCC, which may act as a potential prognostic marker in HCC patients. [17] [18] [19] [20] Some studies used the CTC number as an index to evaluate the response to different therapies in HCC patients. 21 CTCs play a major role in the initiation of metastasis and tumor recurrence. 22 However, the relationship between the number of CTCs and TAE treatment has not been investigated.
In this study, we aimed to investigate whether TAE treatment promotes liver tumor metastasis through increasing CTCs in an orthotopic rat liver tumor model, and to explore the underlying mechanisms. This study will hopefully help to build a novel therapy to reduce liver tumor metastasis in HCC patients.
Materials and methods cell culture
The rat cell line McA-RH7777 (CRL-1601™, American Type Culture Collection, Manassas, VA, USA) was transfected with green fluorescent protein (GFP) by Genechem ( Shanghai, People's Republic of China) and cultured in Dulbecco's Modified Eagle's Medium (DMEM; Hyclone, Herndon, VA, USA) containing 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and 1% penicillin and streptomycin (Gibco) in a humidified incubator at 5% CO 2 and 95% humidified atmosphere air at 37°C.
chemically induced hypoxia and analysis of cell morphology
Hypoxia was induced by adding cobalt chloride (CoCl 2 , 100 RM/L) to the medium for 48 hours. The morphological characteristics of control and CoCl 2 -treated cells were compared under microscopy (Olympus, Tokyo, Japan).
cell invasion assay
Cell invasion was carried out by transwell assay (Boyden chambers; Corning, Cambridge, MA, USA). 1 × 10 5 cells in serum-free DMEM were seeded on a Matrigel-coated membrane (8.0 µm pore size) in the top chamber of the well. DMEM containing 10% FBS was added to the lower chamber of each well. After 48 hours under hypoxic or normoxic culture conditions, cells on the top membrane of the chamber were removed with a wet cotton swap, while the cells on the underside membrane of the chamber were stained with Giemsa (Sigma Chemical Co, St Louis, MO, USA). Invaded cells in three random fields were counted under microscope (×200 magnification, Nikon, Tokyo, Japan).
antibodies
Monoclonal antibodies used in immunofluorescence, immunoblotting, and immunohistochemistry included mouse anti-rat E-cadherin (Abcam, Cambridge, MA, USA), rabbit anti-rat N-cadherin (BioWorld, Atlanta, GA, USA), rabbit anti-rat vimentin (BioWorld), rabbit anti-rat HIF-1α (BioWorld), and mouse anti-rat glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Abcam).
Immunofluorescence
The expression of E-cadherin, N-cadherin, and vimentin in control and CoCl 2 -treated cells was examined by immunofluorescence. Cells were grown on glass coverslips to 40%-50% confluence, and then fixed using 3.5% paraformaldehyde at room temperature for 5 minutes, followed by 0.1% Triton X-100 treatment for 5 minutes. The fixed cells were washed and then blocked in 1% bovine serum albumin for 30 minutes. Incubations with primary monoclonal antibodies against E-cadherin, N-cadherin, and vimentin were carried out overnight at 4°C. The cells were washed and incubated with anti-mouse and/or anti-rabbit tetramethylrhodamineisothiocyanate (TRITC)-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA). Cells were counterstained with 4′-6-diamidino-2-phenylindole (DAPI) to visualize cell nuclei. After wash, coverslips were mounted onto slides and examined under fluorescence microscopy (Olympus 
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Transcatheter arterial embolization for liver tumor metastases into the right thigh of each rat. When the subcutaneous tumor had grown to approximately 1 cm in diameter (approximately 4 weeks after injection), it was harvested and cut into small pieces of equal volume (2 × 2 × 2 mm 3 ), and implanted into the left liver lobes of 42 different buffalo rats to induce HCC, as previously described. 6, 23 Tae procedure
Tumor-bearing rats were randomly assigned into the TAE group or the control group. In the TAE group, rats with orthotopic tumors underwent the TAE procedure on day 14 of implantation. The tumor size was around 8 mm in diameter according to magnetic resonance imaging (MRI). The TAE procedure was carried out as previously described. 6 Briefly, the rats were anesthetized intraperitoneally with 400 mg/kg trichloroacetaldehyde hydrate (Hushi, Shanghai, People's Republic of China). Through the median incision, the gastroduodenal artery was exposed and the distal side was ligated. The suture was revolved around the proximal gastroduodenal artery and tensed when Silastic tubing (SFM-10350; SF Medical, Hudson, MA, USA) was inserted from the gastroduodenal artery incision ( Figure 1 ). After that, iodized oil (lipiodol, Guerbet, France) (1:3 dilution with saline, 0.6 mL/kg, TAE group, n=21) or an equal amount of saline (control group, n=21) was injected slowly. The injection speed must be slow enough to ensure that the embolic agent (iodized oil) was delivered into the liver without reflux to other vessels. The proximal gastroduodenal artery was ligated after the procedure. The procedure was performed under a Nikon SMZ1500 dissection microscope (Nikon). The incision in the abdomen was closed with a 3-0 suture.
imaging analysis and sample collection
Blood samples were collected from the tail vein on day 0 (before TAE), 1, 3, 7, 14, and 21 after treatment for the detection of CTCs. To assess tumor growth and intrahepatic metastasis, MR images were acquired by 3.0 T magnetom (Avanto Trio, Siemens, Erlangen, Germany) with small animal coil. All animals underwent a T2-weighted imaging (T2 WI) on day 0, 7, and 14 after TAE with a multi-slice acquisition providing complete coverage of the entire liver. The tumor size was calculated as Volume = (a × b 2 )/2, where 'a' is the widest diameter and 'b' is the smallest diameter. Lung computed tomography (CT) (Inveon, Siemens) and Carestream Multispectral program (Carestream, NY, USA) were also performed on day 14 after TAE to monitor tumor metastasis. On day 14 after TAE, 15 randomly selected rats from each group were sacrificed. Liver, lung, kidney, and spleen were collected for further investigation, and tumor growth and pulmonary metastasis were assessed. The remaining six rats from each group were kept for survival analysis. Survival time was defined as the interval between the day of inoculation and the day of death.
Detection of CTCs by flow cytometry
A whole blood sample was collected from anesthetized rats (at least six rats in each group for each time point) from the tail vein. Peripheral blood mononuclear cells (PBMCs, including CTCs) were enriched by Ficoll-Paque density centrifugation separation. 16 PBMCs from rats without tumors were used as negative controls to exclude the influence of autofluorescence and to select the appropriate gate in flow cytometry. GFP + CTCs were then counted by using the selected gate. Flow cytometric analysis was performed using an FACS Arial (BD Biosciences, San Jose, CA, USA).
Pathological examination
Liver, lung, kidney, and spleen were harvested from rats and tested by pathological examination to assess metastasis. Tissues were fixed by formalin, embedded, and sliced into 5 µm thick sections. Tissue sections were stained with hematoxylin and eosin (H&E) using the standard protocol. The maximum coronal plane of left and right lung sections were examined by H&E staining to assess the presence of metastasis. 19 The number of lung nodules and other metastatic lesions was counted under an optical microscope.
Western blot analysis
The expression of E-cadherin (1:1,000), N-cadherin (1:500), vimentin (1:500), HIF-1α (1:1,000) and GAPDH (1:2,000) 
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Fang et al was detected by immunoblotting as previously described. 14 The protein concentration from tumor tissues was determined by BCA Protein Assay Kit (Beyotime, Shanghai, People's Republic of China). Equal amounts of total protein were separated by 10% SDS-PAGE at 100 V, and transferred to polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA, USA). The membrane was blocked in 10% milk and probed with the primary antibodies overnight (16 hours) at 4°C. Membrane was then washed and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (goat antimouse or goat anti-rabbit immunoglobulin [Ig]G antibody) (1:5,000, Dingguo, Beijing, People's Republic of China) for 1 hour at 37°C. The protein band was visualized and quantified by densitometry using Image Lab 3.0 on a Molecular Imager ChemiDoc XRS imaging system (Bio-Rad, Hercules, CA, USA). The relative density of each band was determined by the ratio to that of the internal control, GAPDH.
immunohistochemistry Using a standard protocol, 19 tumor sections were used for immunostaining of E-cadherin (1:1,000), N-cadherin (1:500), vimentin (1:1,000), and HIF-1α (1:500). After deparaffinization and rehydration, slides were treated with antigen retrieval (Dako, Carpinteria, CA, USA) at 97°C for 45 minutes. Sections were then stained with appropriate primary antibodies and corresponding secondary antibodies following the Catalyzed Signal Amplification System (Dako). Nuclei were counterstained with hematoxylin. Two or three fields (×200 magnification) from each slide were counted to determine the staining frequency of HIF-1α, E-cadherin, N-cadherin, and vimentin. A total of 15 fields in each group were counted. The expression of these proteins was assessed by the percentage of immunoreactive cells in a certain area of neoplastic cells.
statistics and data analyses
Data were expressed as mean ± standard deviation (SD). The results of in vitro cell invasion assays, tumor volume, and the expression of E-cadherin, N-cadherin, vimentin, and HIF-1α between the two groups were analyzed by Student's t-test. Fisher's exact test or the Wilcoxon rank-sum test was used to compare the incidence of intrahepatic and lung metastasis, and the survival was examined via the Kaplan-Meier method with a log rank test between two groups. P,0.05 was considered statistically significant. Analyses were performed by using the SPSS software version 19 (SPSS, Chicago, IL, USA).
Results

hypoxia promotes cell invasion and induces a change of epithelialmesenchymal transition (eMT)
In cell invasion assay, McA-RH7777 cells showed an elevated capacity of cell invasion (1.63-fold increase) after CoCl 2 treatment (P=0.000, Figure 2A ). The morphology of CoCl 2 -treated McA-RH7777 cells was distinct from the typical epithelial orbicular-ovate appearance of untreated McA-RH7777 cells, which showed spindle or irregular shapes with less cell-cell adhesion ( Figure 2B ). Consistent with phenotypic changes, immunofluorescence ( Figure 2C ) showed a significant reduction in E-cadherin expression but obvious upregulation of N-cadherin and vimentin expression in CoCl 2 -treated McA-RH7777 cells. The transition from a dominant E-cadherin distribution on the cell membrane to predominant N-cadherin expression is related to epithelialmesenchymal transition (EMT), which triggers cells with a higher ability to transmigrate basement membranes and stromal tissues.
Tae inhibits tumor growth and prolongs rat survival but promotes liver tumor metastasis
To investigate the effect of TAE on the metastasis of liver tumor, we established a rat orthotopic liver tumor model with local and distant metastatic potentials ( Figure 3A) . Before the TAE procedure, the average size of the liver tumor did not significantly differ between the TAE and control groups; the mean diameters of tumors were 8.4 ± 0.4 cm and 8.4 ± 0.5 cm, respectively. After TAE treatment, tumor size was significantly smaller on day 7 and 14 (P=0.002 and P=0.015, respectively), with a size of 533.7 ± 99.9 mm Figure 3B ). The mean survival time in the TAE group was significantly longer than that in the control group (49.8 ± 3.5 vs 43.8 ± 2.1 days; P=0.001) (Figure 4 ). An increasing trend was shown with respect to the intrahepatic metastasis from 6.7% (1 of 15) in the control group to 20.0% (3 of 15; P=0.598) in the TAE group, and lung metastatic rate from 53.3% (8 of 15) in the control group to 80.0% (12 of 15; P=0.245) in the TAE group. Tumor metastasis was not found in other organs in both groups ( Table 1) .
The mean number of metastatic lung nodules in each rat was significantly increased in the TAE group Figure 5A ). Intrahepatic and lung metastases were detected by the imaging system and further confirmed by histology examination ( Figure 5B ).
TAE treatment significantly increases the number of cTcs
To explore the underlying mechanism of TAE on promoting tumor metastasis, we examined the population of CTCs at different time points after treatment. Before the treatment, the number of CTCs did not obviously differ between the TAE group and the control group. The number of circulating CTCs gradually increased after the treatment in the TAE group. The average level of CTCs was significantly increased by TAE treatment from day 7 to day 21 (Figure 6 ). In both TAE and control groups, the number of CTCs was higher in the rats with metastasis than without metastasis. Therefore, in our tumor model, the number of CTCs corresponds to advanced metastatic tumor and the change of EMT.
Tae upregulates the expression of hiF-1α, n-cadherin, and vimentin but downregulates the expression of e-cadherin in liver tumor tissues
To explore the underlying mechanism of TAE on increasing CTCs, the changes in molecules in liver tumor tissues was investigated. Here, we also observed the changes of EMT in vivo ( Figure 7A ). In the TAE group, E-cadherin expression was markedly reduced, especially at the invasive front, while the mesenchymal markers N-cadherin and vimentin 
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Fang et al were significantly upregulated. Nuclear expression of HIF-1α was also significantly increased in the TAE-treated tumors compared with the control group. Moreover, the mean percentages of E-cadherin-, N-cadherin-, vimentin-, and HIF-1α-positive cells in the control group and the TAE group were 33.33 ± 7.24 vs 13.00 ± 7.27, 42.00 ± 8.62 vs 71.33 ± 9.16, 54.00 ± 9.86 vs 82.00 ± 9.41, and 43.33 ± 11.13 vs 81.33 ± 9.72, respectively (P=0.000 for all). To verify the results of immunostaining, the relative expression of these proteins was measured by Western blot analysis ( Figure 7B ). The relative expression of E-cadherin, N-cadherin, vimentin, and HIF-1α in the control group and the TAE group was 0.74 ± 0.21 vs 0.39 ± 0.17, 0.20 ± 0.08 vs 0.35 ± 0.10, 0.49 ± 0.10 vs 0.75 ± 0.12, and 0.21 ± 0.11 vs 0.79 ± 0.14, respectively (P=0.000 for all).
Discussion
The side effects of TAE treatment in HCC patients have been studied; however, little is known about the underlying mechanism. In the present study, we showed that in vitro exposure of McA-RH7777 cells to hypoxic conditions by CoCl 2 led to increased cell invasion. In addition to increasing the incidence of tumor metastasis, TAE also significantly increased the number of metastatic tumor nodules in the lung at 2 weeks after TAE treatment; these findings are consistent with previous studies. 5, 6 These results indicate that TAE treatment may increase the metastatic potential of HCC cells, which is a possible side effect of TAE treatment. This model effectively mimicked the clinical situation of liver tumor metastasis after TAE. The concept that metastasis is a hallmark of malignancy has been widely understood. It is commonly accepted that the 
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Transcatheter arterial embolization for liver tumor metastases existence of 'seed' can establish a new tumor in the 'soil' of distant organs. This 'seed and soil' hypothesis was first proposed in the late 19th century, and described the mechanism by which cancer spreads or metastasizes throughout the body and verified the existence of CTCs (seed). Indeed, CTCs that play an important role in tumor growth and metastasis have recently attracted much attention as potential biomarkers and as an ideal model for studying the process of metastasis. 21, 24, 25 A decrease in CTCs can impair tumor growth and inhibit metastasis. Furthermore, CTCs play a major role in tumor progression from micrometastases to macrometastases. 22 Therefore, it is worthwhile studying whether TAE promotes liver tumor metastasis by increasing CTCs, and exploring the underlying mechanism.
In this study, we first demonstrated that TAE promoted liver tumor metastasis by increasing CTCs in an orthotopic rat liver tumor model. CTCs cannot remain in circulation for long in solid tumors. CTCs reflect the combination of two processes: entrance and depletion. The depletion of CTCs may be caused by apoptosis and immune system clearance. The appearance and increase of CTCs depend on the malignancy of the original tumor and the tumor size. 26 Therefore, the effect of TAE on promoting liver tumor metastasis is probably due to the increase of CTCs, which leads to increasing entrance 
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Transcatheter arterial embolization for liver tumor metastases and/or decreasing depletion. It is not clear whether the increased metastatic potential of residual HCC neutralizes the effect of TAE treatment; the findings of the present study demonstrate that the increased metastatic potential of residual HCC cells may limit the therapeutic benefit of TAE treatment.
As we know, TAE can enhance intra-tumoral hypoxia that upregulates the expression of HIF-1α. Several studies have shown that HIF-1α can promote tumor metastases through the acquisition of EMT features, thus leading to increased carcinogenesis and metastasis, stem cell features, invasion, tumor recurrence, etc. To investigate the underlying mechanism of TAE on the increase of CTCs, the expression levels of HIF-1α and several EMT marker proteins were analyzed. Our results indicated that TAE significantly upregulated the protein levels of N-cadherin, vimentin, and HIF-1α but downregulated E-cadherin expression. These data thus suggest that EMT-derived cells enhance the metastatic potential of primary tumors.
The EMT process is currently believed to play a key role in CTCs escaping from the primary tumor tissue, invading the surrounding stroma, intravasation of the vasculature, and thus developing metastasis. The contribution of EMT to the generation of CTCs is hitherto largely unexplored. The EMT-derived cells display resistance to apoptotic signals, which help CTCs survive in the bloodstream. 27 A recent report suggested that a direct link might exist between the EMT and the acquisition of stem cell properties. [28] [29] [30] Furthermore, cells undergoing EMT could develop resistance against conventional chemotherapy and possibly escape immune surveillance. In this context, EMT is considered to be one of the factors that enhance metastatic potential.
Therefore, we speculate that EMT induced by TAE may contribute to the increase of CTCs by increasing entrance and decreasing depletion. This model explored the role of EMT in the whole process of metastasis. These results, together with enhanced pulmonary metastasis rates in the TAE group, highlight the close relationship among TAE treatment, EMT, CTCs, and metastasis. Further studies are needed to clarify the detailed mechanisms.
Conclusion
TAE promotes liver tumor metastasis through the acquisition of EMT features and by increasing the number of CTCs, suggesting that it is necessary to develop a promising adjuvant therapy for TAE treatment to reduce the risk of tumor recurrence and metastasis in HCC patients.
